The impedance at frequencies of 1-1000 kHz and dynamic bending storage modulus measured by the vibrating reed method were compared for potato tuber tissue, which had been processed by various methods. Raw potato tuber tissue strips were either heated for 30 min up to 1009 C or frozen-thawed. Some samples were osmotically dehydrated in a mannitol solution up to a concentration of 0.7 mol W l. The electrical reactance correlated well with the storage modulus of heated or frozen-thawed potato tissues, but not with the storage modulus of the mannitol-treated tissue. The storage modulus appeared to be strongly dependent on the turgor pressure of the cells which was drastically decreased by the heating, freezing-thawing, and osmotic treatments. The electrical properties re‰ect the cell integrity, and a large diŠerence was observed between the change in impedance after heating or freezing-thawing, and that after the osmotic treatment. A signiˆcant change in the electric properties was also observed for a starch suspension at the gelatinization temperature. However, the contribution due to gelatinization did not appear to play an important role in the change of electrical properties of potato tissue by heating.
The processing of food always causes changes to the food treated, some desirable and some undesirable. For starchy foods, making the starch available for digestion through gelatinization is the key eŠect desired in heat processing. However, the integrity of the cell membrane is aŠected in the same temperature range, with accompanying changes in textural properties through the loss of turgor pressure. Further changes may be initiated by the loss of compartmentalization.
The electrical properties of foods are, to large degree, dependent on the state of the cell membrane. The cell membrane is non-conducting, but in intact cells, the presence of an internal electrolyte gives rise to an induced capacitance in an alternating electriĉ eld. This eŠect has been used to measure the cell population density (biomass) in a cell culture.
1) The eŠects of freezing on cell integrity are also re‰ected in the dielectric properties of foods. 2, 3) Dielectric properties can also be utilized to monitor the change in cell size and to measure the cell membrane permeability. 4) The rheological properties of food from plant tissue are known to change drastically during such processes as heating and freezing. In spite of the importance of rheological data in cooking and preservation, quantitative measurements of the rheological properties of food after processing are not very common. It is well known that the rheological properties of plant tissue are strongly related to the turgor pressure of the cell. 5) In the present study, the electrical and rheological properties of potato tuber tissue were measured and compared during various types of processing involving heating, freezing-thawing, and osmotic dehydration. A comparison of these properties may be helpful in analysing the mechanisms for the change in physical properties during processing.
Materials and Methods
Preparation and treatment of the potato strip samples. Potatoes were bought in a local shop and cut longitudinally into strips of nominally 11×5.5× 46 mm, taking care to avoid the cortex tissue and its vascular boundary. The strips were clamped two at a time in a holder so that 22 mm of each strip formed the free end of a cantilever beam (Fig. 1) .
The heat treatment was applied by immersing the potato strip sample in liquid para‹n maintained at various temperatures with stirring. After a predetermined time, 30 min for most experiments, the holder and potato strips were transferred to liquid para‹n at room temperature without stirring. The tempera- ture change at the centre of a strip was determined with a thermoelement in a separate experiment. The time constant for heating was 2 min and that for cooling without stirring was 8 min. In order to achieve well-deˆned treatment times at temperatures above 559 C, the strips were preheated for 5 min to 509 C before the heat treatment. Heating for 5 min to 509 C showed no eŠect on the measured variables. The osmotic treatment was applied by immersing the sample in a 50 ml mannitol solution of 0.1-0.7 M for 24 h. The volume change caused by the osmotic treatment was determined by measuring the dimensions of the strips with a vernier gauge to an accuracy of ±0.1 mm.
The freezing-thawing treatment was applied to individual strips wrapped in household plasticˆlm at "189 C and 259 C, respectively, in still air.
Electrical properties of the potato tissue. The electrical properties of the potato strips were measured at seven frequencies between 1 kHz and 1 MHz by a Hewlett Packard HP4284A LRC meter with a 16047C testˆxture. Two platinum plates of 5× 25 mm were clamped by the testˆxture to form a set of parallel electrodes of 5 mm width at an 11-mm interelectrode distance. The potato strips were placed between the two electrodes to a depth of 10 mm ( Fig. 2) and held against the surface of the potato strips by a spring load of 2.5 N.
Electrical properties of the potato starch suspension. Potato starch (Nacalai Tesque) at 10z w W w was suspended in 1500 ml of distilled water at 259 C and adjusted with NaCl to 8.1 mS W m conductivity in a 2000-ml beaker provided with a magnetic stirrer. The temperature-induced changes in the permittivity and conductivity of the suspension were measured in situ in a temperature-controlled bath with a HewlettPackard 4285A LCR meter equipped with a non-contact E5050A colloid dielectric probe at frequencies between 75 kHz and 30 MHz. The probe was threepoint calibrated at room temperature with the Hewlett-Packard calibration kit and software. It was ascertained that the presence and motion of the magnetic stirrer did not aŠect the measurements. The suspension was heated to 659 C, maintained at 659 C for 40 min and then cooled to 259 C. The starting time for heating at 659 C was deˆned as the time when the temperature reached 64.59 C.
Rheological properties of the potato strips. The rheological properties of the potato strips were investigated by the vibrating reed method as described by Miyawaki and Yano. 6) This method has been reported to be useful for application to agricultural materials. 6, 7) Brie‰y, the signal from a variable-frequency oscillator (418A RC, Kikusui Electronics Corp) was ampliˆed (8800 II, Pioneer) to drive an electromagnetic vibrator (NV02, Nack Electronics). The holder with the potato strips was clamped to the vibrator, and the amplitude of the movement of the free end of the potato strips, as a cantilever, was followed by a travelling microscope as a function of the frequency to measure the resonance peak. With some approximations, i.e., neglecting shear and rotary inertia, the resonance frequency could be related to the bending storage modulus, E?, of the potato strip, and the width of the resonance peak to the loss modulus, E!, and to the dynamic viscosity, h?, as follows:
where r is the sample density, l is the sample length, d is the sample thickness, f is the resonance frequency, and D f is the width of the resonance peak at 1 W 2 amplitude. The loss angle, tan d, was calculated by the following equation:
The elastic modulus results were conˆrmed by measuring the static deformation of the strips under known loads. 
Results and Discussion
Electrical properties of the potato tissue The results of 41 individual experiments involving a heat treatment for 30 min at diŠerent temperatures are summarized in a form of Cole-Cole plot 9) in Fig. 3 . At temperatures below 57.59 C, the impedance, resistance and reactance of the potato strips remained approximately constant. In the range 60-659 C, a drastic change occurred, while at temperatures above 67.59 C , no further distinct changes were apparent. We attribute the changes primarily to the eŠects on the cell plasma membrane, both for theoretical reasons and based on the fact that the directly observed eŠect of gelatinization was too small to explain the large change in impedance (see below). Hayden et al. 10) have divided the impedance of plant cell tissue into three components corresponding to the cell wall (R1), plasma membrane (R2), and cytoplasm (R3). As R2À ÀR1 and R3, damage to the plasma membrane by heating brought about the large decrease in impedance.
Freezing and thawing almost completely eliminated the reactance component of the impedance. This would suggest that the damage to the plasma membrane after freezing-and-thawing was more extensive than that after heating. A comparison of the eŠects of heating and freezing-thawing is summarized in Fig. 4 .
A Cole-Cole plot 9) of the average reactance and resistance values is given in Fig. 5 for the osmotictreated samples. The impedance of all the mannitoltreated samples increased when compared with the raw sample. The osmotic treatment changed the volume of the sample (Fig. 6) , and the iso-osmotic conditions appeared to correspond to 0.33 M mannitol. The reactance qualitatively changed according to that expected from the change in cell volume.
Electrical properties of the potato starch suspension
Dispersing 10z starch in water increased the conductivity by some 3.5 mS W m, while the permittivity was slightly decreased in a frequency-dependent manner. The conductivity change could be related to the release of ionic impurities, and the change in permittivity to the fact that the dielectric constant of carbohydrates is lower than that of water. During heating, the conductivity increased and the permittivity decreased in line with the expected changes for water. Close to 659 C , gelatinization started causing both the conductivity and permittivity to rise (Fig. 7) . This distinct increase in conductivity by about 30z, however, is too small to explain the several-fold change in impedance of the potato tissue before and after heating. The gelatinization process was fairly rapid, on the scale of a few minutes, and the permittivity only increased at frequencies below 2 MHz (Fig. 8) . The change in permittivity caused by gelatinization persisted after cooling to 259 C.
Rheological properties of the potato strips
The vibrating reed method was used for measuring the rheological properties of the potato tissue. The mean values and distributions of the storage and loss moduli for 30 fresh samples were E?＝3.0±0.8 MPa (mean±s.d.) and E!＝0.9±0.2 MPa, respectively. Dynamic rheological data for potato have seldom been reported. Ramana and Taylor 11) have found the shear elastic modulus of potato to be 2.1±0.2 Mpa, while Kapsalis et al. 12) found the static bending modulus to be equal to 2.6±1.5 MPa. They attributed the variability to moisture loss, but in our case, the strips were immersed in liquid para‹n immediately after cutting and the moisture loss was therefore negligible.
Static techniques such as the creep test and stress relaxation, are frequently applied to measure the rheological properties of solid samples as in the present case. With such methods, however, the results are strongly aŠected by the mechanical connection of the sample to the sensor for stress or strain which often causes a serious error. The reed vibration method, however, utilizes free vibration, thus avoiding this problem.
Due to the large individual variation of moduli, we report the eŠects of heat treatment in terms of the relative changes compared with the same sample before treatment. The results are summarized in Fig. 9 . There was a considerable decrease in the bending storage modulus between 609 C and 659 C, similar to the decrease in shear modulus reported by Ramana and Taylor 11) in the same temperature range. The relative loss angle had similar values at both low (º57.59 C) and high temperatures (À67.59 C), i.e. the loss modulus changed in the same way as the storage modulus, or the relative proportion of eŠec-tive permanent bonds and relaxed bonds remained the same. Considerable structural changes occurred in the investigated temperature range: breakdown of the plasma membranes causing a loss of turgor pressure, starch gelatinization, and breakdown of the pectins of the middle lamella. The constancy of the loss angle was therefore unexpected. After freezing-thawing, our samples became too soft to be clamped in the holder to apply the oscillation technique. When heated to 659 C for 30 min, they regained some of their stiŠness, but only reached a storage modulus of about 150 Pa, some 4 times lower than the corresponding value for the unfrozen samples. The loss angle remained in the range 0.2-0.3, which is not signiˆcantly diŠerent from the other samples.
It is well known that the stiŠness of potato tissue is dependent on the turgor pressure, and our results are consistent with this fact (Fig. 10 ). There was a diŠer-ence in the storage modulus between potatoes treated in 0.2 M and 0.4 M mannitol. At the low mannitol concentration, the stiŠness decreased somewhat, which could be attributed to the onset of osmolysis. On heating at 659 C for 30 min, the storage modulus decreased rapidly in the turgid potatoes strips, but decreased only marginally in the limp samples treated osmotically.
Correlation between the rheological and electrical properties of potato tissue
The main contribution to the reactance of potato tissue is provided by the intact cell plasma membrane. Heating above a critical temperature can be expected to destroy and make permeable the cell plasma membrane. The growth of ice crystals during freezing is likewise known to destroy and make permeable the cell membrane unless speciˆc precautions are taken. 13) Cell membrane integrity is also crucial to turgor, and thus to the rheological properties of plant tissue. As demonstrated in Fig. 11 , a good correlation was found between the reactance and the storage modulus for heated and frozen-thawed samples. On the other hand, following the osmotic treatment, which did not aŠect the membrane integrity, no correlation was found between the electrical and rheological properties of a sample. However, as mentioned earlier, the reactance was correlated with the sample volume which re‰ects the cell size.
Conclusions
The comparison of electrical and rheological properties was very useful in analysing the mechanism behind the change in physical properties of potato tuber tissue by heating, freezing-thawing, and osmotic dehydration. All the forms of treatment caused a drastic decrease in the storage modulus due to the loss of turgor pressure in the cell. The electrical impedance of potato tissue was also lowered after heating and freezing-thawing, but not after the osmotic treatment. This diŠerence re‰ects the diŠerence in the cell membrane integrity after each treatment.
